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Abstract 


As the electrification and connectivity technologies penetrate the 
market increasingly, the potential and opportunities for intelligent 
thermal management of the vehicles becomes more salient. Many of 
thermal management strategies such as no flow strategies and oil- 
coolant heat exchangers, are counterproductive concerning the coolant 
warm-up and the cabin heating performance if the systems are not 
actively controlled . The shortcomings of these thermal control 
strategies can lead to undesired activation of the combustion engine 
and increased fuel consumption that decreases the efficiency of a 
sufficient cabin warm-up. 

The simulation results reveal that the WLTC fuel consumption on the 
1.0L engine can be reduced by 0.5% with the integration of an exhaust 
gas to coolant heat exchanger which has a smart bypass control 
strategy upstream of the oil-cooler. Also, with the implementation of 
an exhaust gas to oil heat exchanger upstream the main oil gallery, it 
leads to a WLTC fuel consumption reduction of 0.8%. Among all the 
investigated exhaust gas to coolant heat exchanger designs ,heat 
exchanger design with Bypass valve and valve-controlled Oil cooler 
from the experiments proved to be an efficient heat exchanger design 
in terms of heating up the coolant at faster rate . The proposed 
simulation-based performance and engine dyno evaluation sheds light 
on the importance of selecting appropriate heat exchanger designs and 
relative improvements in fuel economy for practical applications in 
building intelligent thermal management for vehicles . 


1. Introduction 


Claims about new regulations for greenhouse gas (GHG) emissions, 
together with the introduction of the concept of sustainable mobility, 
are the main drivers for the development of more-efficient and hence 
less-polluting vehicles [1, 2]. Even though in the last decades heavy- 
duty vehicles (HDV), that is, trucks and buses, powered by internal 
combustion engines (ICE), have faced a substantial improvement in 
terms of efficiency, they are still a significant source of GHG 
emissions in the form of CO2 .As long as the combustion of fossil fuels 
will take place inside thermal engines, CO2 emissions will be present 
at the tailpipe; therefore it is clear that the only effective ways to reduce 
CO2 emissions are: the transition to low-carbon fuels and the 
improvement of the fuel economy. Leaving aside the first solution, this 
study focuses on the second one. 

In a conventional vehicle two important sources of inefficiency can be 
identified: the actuation of the ancillaries and the heat rejection from 
the engine. The ancillary loads are generally satisfied by the engine 
crankshaft through a belt drive. This implies that they often draw 
power from the engine when it is operating far from the optimal 
conditions, thus increasing the brake-specific fuel consumption 
(BSFC) up to 8% in HDVs [3]. In [4] an extensive literature review is 
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reported, which demonstrates that, among the ancillaries, the AC and 
the engine cooling system are the main sources of mechanical energy 
consumption, while the heat rejected to the engine coolant and through 
the exhaust gases is the predominant source of energy and availability 
losses. Still in [4], the potential of the electrification of the auxiliary 
systems is discussed, showing that it may decrease the load on the 
engine by enabling on-demand operation. Therefore, waste heat 
recovery (WHR) together with powertrain electrification appears as a 
promising solution to mitigate the energy consumption from the 
auxiliary loads and to achieve significant fuel economy gains. 
Moreover, powertrain hybridization (PH) enables a wide range of 
possibilities for an enhanced overall powertrain efficiency. For these 
reasons, this article presents an investigation into the potential in fuel 
economy improvement when an Eco-Boost engine is equipped with an 
organic Rankine cycle. In particular, the focus is on the possibility of 
retrofitting an existing ICE-only powered vehicle with the WHR 
systems and predict fuel consumption impacts with the heat transfer 
maps developed on different heat exchangers (oil-coolant and Gas to 
oil) . 

Most of the retrofits to engines consist of after-treatment systems, but 
hybridization and WHR could represent an option too [5, 6]. In the last 
few years, an increasing number of scientific works [7, 8, 9] and 
automotive manufacturers (Cummins [10], Volvo [11], Renault [12], 
Bosch [13], AVL [14]) have shown that a bottoming power unit, based 
on the organic Rankine cycle (ORC), is an effective and feasible way 
to indirectly recover the heat content of the exhaust gases from an ICE. 
This thermal energy amounts to approximately one-third of the initial 
energy content of the fuel and would otherwise be wasted to the 
ambient.WHR by means of ORC units attains the best performance 
when the topping ICE provides an almost constant heat source for the 
ORC, that is, a constant flow of exhaust gases at high temperature [15]. 
These conditions are easy to achieve in a series hybrid powertrain 
because the engine is less dependent on the driving conditions and its 
operation can be narrowed in the high-efficiency area, with extended 
periods of near- constant engine load [16]. Currently, PH is preferred 
in light vehicles applications [17, 18, 19], while WHR by means of a 
bottoming ORC is mostly considered for heavy-duty trucks 
applications [20]. The possibility of using hybrid powertrains also for 
HDVs is being investigated by many researchers and has been proved 
to be promising [21, 22, 23, 24]. 

Previous works have outlined the different heat exchanger designs 
with either coolant or oil tapping mechanism with the exhaust heat , 
but there are very few works that investigate and compare performance 
of oil and Coolant heat exchanger on a single powertrain, Our work 
here bridges this research gap by investigating state of the art heat 
exchanger designs currently used in automotive industry, compare the 
performances of exhaust to oil, exhaust to coolant heat exchanger 
design and predict the fuel economy improvement with different heat 
exchanger designs . As an extension of this study controls strategy was 
developed defining the interfaces and operating mode. 


5.2. EGHR controls strategy 

Some upfront analysis was done for the eventual system-level controls. 
For the EGHR project, identifying an appropriate set of functions 
required an iterative process of working back and forth between 
several versions of the boundary diagram. The initial simulation 
GTSUITE study helped us define control functions needed for using 
this technology (“Transfer heat from exhaust to coolant in active 
mode”), Similarly, “Prevent transfer of heat to coolant (in bypass 
mode)” also indicating that there are other interface functions that are 
also required to capture failure modes associated with implementation 
(e.g. “Contain and transport coolant”). Three modes of EGHR 
operation identified in iterative testing includes Off/Inactive, Active 
(warm up and sustain heat) and fault mode (bypass or no restriction). 
Fuel consumption study on 1.0L engine paved way to develop robust 
interfaces the system would need and an EGHR boundary diagram was 
developed as shown in Figure 32 that shows the organization-based 
high-level version. The purpose of the boundary diagram is to 
graphically illustrate the design elements within a design solution and 
expedites the interface analysis. The diagram attempts to depict the 
main components of the system, along with the various energy, 
information and physical interfaces. The thermal interface between 
exhaust and coolant occurs in the heat exchanger, shown as both a 
physical connection and energy flow. 


6. Summary / Conclusions 
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Figure 32. EGHR Boundary Diagram 


As part of this project the performance of several exhaust gas heat 
exchangers have been investigated and optimized on a steady-state 
engine dyno. Detailed heat transfer maps have been determined and 
compared against each other for performance. In order to evaluate the 
benefits of these exhaust heat recovery technologies and to determine 
the ideal control strategy and integration into the cooling/lubrication 
system, a new numerical method has been developed and applied. This 
study presents the fundamental findings acquired from the 
experimental and numerical investigation on heat exchangers. The key 
findings are summarized as follows: 
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1. Drive-cycle investigations on a roller dyno demonstrated that the 
exhaust gas carries approximately 20 to 25% of the energy 
contained in the fuel. 

2. Whilst 100% recovery of heat lost in exhaust gases is an 
impossibility, a substantial amount can be recovered by 
transferring heat to coolant or oil using an exhaust gas heat 
exchanger. Both types of heat exchangers can be used to increase 
the fluid temperatures during or after the warm-up phase to reduce 
engine friction and wall heat losses. 

3. A faster coolant warm-up improves the cabin heater performance 
and reduces the activation time of the combustion engine in 
electrified vehicles at cold ambient conditions. 

4. It can be concluded that the WLTC fuel consumption of the Fox 
engine can be reduced by 0.5% by the integration of an exhaust 
gas to coolant heat exchanger with a smart bypass control strategy 
upstream of the oil-cooler. 

5. The implementation of an exhaust gas to oil heat exchanger 
upstream the main oil gallery leads to a WLTC fuel consumption 
reduction of 0.8%. The benefits will be even higher if the 
investigated exhaust heat recovery systems are combined with 
electrified or conventional powertrains without sophisticated 
thermal management technologies. 

6. Among all the discussed exhaust gas to coolant heat exchanger 
designs ,HE2 with Bypass valve and valve-controlled Oil cooler 
from the experiments proved to be an efficient heat exchanger 
design in terms of heating up the coolant at faster rate . The 
exhaust gas to oil heat exchanger from HE1 OIL improves the 
WLITC fuel consumption by 0.8% if oil temperatures up to 130°C 
is tolerated and the oil-cooler is deactivated . 


This paper reviews opportunities to improve the cost-benefit ratio, 
however, other aspects like quality, package and cabin heating 
performance will be investigated in future research . 
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Contact Information 


Definitions/Abbreviations 


BMEP brake mean effective pressure 


BSFC brake-specific fuel consumption 
CVSP corporate vehicle simulation program 
FC fuel consumption 

FMEP friction mean effective pressure 
GHG greenhouse gas emissions 

GT GT model suite model simulation 
GTDI gasoline turbocharged direct injection 
HC hot-cold factor 

HE heat exchanger 

HE1 heat exchanger from supplier 1 

HE2 heat exchanger from supplier 2 

HE3 heat exchanger from supplier 3 

HDV heavy-duty vehicles 

HX heat exchanger 

ICE internal combustion engines 

NEDC new European driving cycle 

PH powertrain hybridization 

OFCA _ oil filter cooler adapter 
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OHEX 


ORC 


WHR 


WLTC 


oil heat exchanger 


organic Rankine cycle 


waste heat recovery 


worldwide harmonized light vehicles test 


